Background {#Sec1}
==========

Acute respiratory distress syndrome (ARDS) is typically defined as an inflammatory pulmonary edema resulting from an acute damage of the alveoli \[[@CR1], [@CR2]\]. Mechanical ventilation, improving the severe hypoxemia and reducing the work of breathing, remains the cornerstone of ARDS management \[[@CR3], [@CR4]\]. However, ARDS is still accompanied with a mortality rate higher than 40% \[[@CR5]\]. The mechanical forces generated during the mechanical ventilation by the interaction between the ventilator and the respiratory system can damage the lung, a process that has been called ventilator-induced lung injury (VILI) \[[@CR6]--[@CR8]\]. Previous randomized studies and retrospective data showed that excessive tidal volume, driving pressure, and positive end-expiratory pressure (PEEP) were related to a poor outcome \[[@CR9]--[@CR12]\]. Differently, lower respiratory rates and lower peak inspiratory pressures were associated with a decrease in-hospital mortality \[[@CR13]\].

Up to now, all these factors have been evaluated separately \[[@CR14]\], while the mechanical power, that is the amount of energy per unit of time generated by the mechanical ventilation and released on the respiratory system, unifying the mechanical drivers of VILI, has been proposed as a determinant of the VILI pathogenesis \[[@CR15]--[@CR17]\]. According to the classical equation of motion of the respiratory system, the energy applied to the respiratory system, per unit of time, depends on the mechanical properties of the lung (elastance and resistance), the applied tidal volume, the inspiratory flow, and the PEEP level \[[@CR18]\]. For example, a reduction of the tidal volume together with an increase of the respiratory rate could increase or decrease the total energy delivered to the lung \[[@CR16]\]. Experimental data, based on lung CT scan characteristics, suggested that a mechanical power higher of 12 J/min could generate VILI, irrespective of the different combinations of each component \[[@CR17]\]. Thus, mechanical power should be superior to each of the individual components of the ventilator setting in modulating the final effect on the VILI \[[@CR15]\]. However, no human data are available on the safe threshold of mechanical power for the developing of VILI.

A previous retrospective study enrolling 8207 critically ill mechanically ventilated patients reported that a mechanical power higher than 17 J/min, computed at the second day after ICU admission, was independently associated with higher hospital mortality \[[@CR19]\]. However, similar values of mechanical power could result in different effects on the respiratory system, according both to the dimension of the ventilated lung (i.e., size of the baby lung) and to the relationship between lung and chest wall elastance (i.e., transpulmonary pressure) \[[@CR16], [@CR20]--[@CR23]\]. In fact, for similar values of mechanical power, a higher or lower energy could be delivered respectively in case of a smaller or larger ventilated lung surface. Zhang et al., normalizing the mechanical power to the predicted body weight, as a surrogate of the lung size, reported that the normalized mechanical power better predicts in-hospital mortality \[[@CR24]\].

The aim of this study was to investigate a possible role of mechanical power and transpulmonary mechanical power, adjusted for predicted body weight, respiratory system compliance, lung volume, and amount of aerated tissue on the intensive care mortality.

Methods {#Sec2}
=======

Study population {#Sec3}
----------------

The study is a retrospective analysis of ARDS patients previously enrolled in seven published studies \[[@CR2], [@CR25]--[@CR30]\]. The institutional review board of each hospital approved each study and written consent was obtained according to the regulations applied in each institution.

At baseline, patients were maintained deeply sedated and paralyzed, ventilated in volume control with a square wave form without any inspiratory pause, applying a tidal volume between 6 and 8 mL/kg of ideal body weight with a PEEP value set by the attending physician to ensure an arterial saturation between 93 and 97%. At baseline, data were collected including age, sex, body mass index, Simplified Acute Physiology Score (SAPS II), cause for ARDS, PaO~2~/FiO~2~, PaCO~2~, and clinical mechanical ventilator setting (PEEP, respiratory rate, tidal volume).

ARDS patients were classified as mild (200 mmHg \< PaO~2~/FiO~2~ ratio ≤ 300 mmHg), moderate (100 mmHg \< PaO~2~/FiO~2~ ratio ≤ 200 mmHg), or severe (PaO~2~/FiO~2~ ratio ≤ 100 mmHg) according to the Berlin definition \[[@CR31]\].

Mechanical ventilation setting {#Sec4}
------------------------------

To standardize the lung volume history, a recruitment maneuver was performed in pressure-controlled ventilation at PEEP of 5 cmH~2~O, with a plateau pressure of 45 cmH~2~O, I:E 1:1, and respiratory rate of 10 breaths/min for 2 min \[[@CR25]\]. After 20 min from the recruitment maneuver, all the respiratory mechanics measurements and blood gas analyses were performed with a PEEP of 5 cmH~2~O while the remaining setting was maintained unchanged from the baseline.

CT scan acquisition and analysis {#Sec5}
--------------------------------

Patients were moved to the radiology department and a whole lung CT scan at 5 cmH~2~O of PEEP was performed after a recruitment maneuver. The lung gas volume and amount of well-inflated tissue were computed as previously described \[[@CR32]\].

Respiratory mechanics {#Sec6}
---------------------

Briefly, the respiratory flow rate was measured with a heated pneumotachograph (Fleisch n°2, Fleisch, Lausanne, Switzerland). Airway pressure was measured proximally to the endotracheal tube with a dedicated pressure transducer (MPX 2010 DP. Motorola, Solna, Sweden). Esophageal pressure was measured with a radio-opaque balloon (SmartCath Bicore, USA), positioned in the lower third of the esophagus, inflated with 1.0--1.5 mL of air and connected to a pressure transducer (MPX 2010 DP. Motorola, Solna, Sweden). All traces were sampled at 100 Hz and processed on a dedicated data acquisition system (Colligo and Computo, [www.elekton.it](http://www.elekton.it)) \[[@CR33]\].

Data analysis and calculation {#Sec7}
-----------------------------

All the data analysis was computed in intensive care survivors and not survivors.

### Mechanical power {#Sec8}

According to the equation of motion, the pressure inside the respiratory system is equal to the following:
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where *E*~(RS)~ is the elastance of the respiratory system, *R*~aw~ is the total airway resistance, *F* is the inspiratory flow, and TV is the delivered tidal volume.

In passive patients (sedated and paralyzed), all the energy delivered to the respiratory system to increase the volume for a given minute ventilation (i.e., the mechanical power) is equal to the following:
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where MP~RS~ in the computed mechanical power applied to the respiratory system and RR is the respiratory rate \[[@CR16]\].

The 3 components of the mechanical power are as follows:
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The transpulmonary mechanical power was computed considering the lung elastance instead of respiratory system in Eq. ([2](#Equ2){ref-type=""}).

The mechanical and transpulmonary mechanical power were normalized to the predicted body weight, lung gas volume, amount of well-aerated tissue, and respiratory system compliance.

The driving pressure and partitioned respiratory mechanics (lung and chest wall) were computed according to the previously reported formula (see Additional file [1](#MOESM1){ref-type="media"}: Formulas of the physiological variables) (Fig. [1](#Fig1){ref-type="fig"}). Fig. 1Flow chart of the study design

### Statistical analysis {#Sec9}

Quantitative variables are presented as mean (standard deviation, SD) or as median \[interquartile range\], respectively, for normal and non-normal distributions. To compare quantitative variables between survivors and ICU deaths, we used Student's *t* test (for normally distributed data) or Wilcoxon-Mann-Whitney test. Chi-squared test was used for categorical data. We used univariate and multivariable Poisson regression models with robust standard error to calculate risk ratios (RR) of ICU mortality and 95% confidence intervals (CI) according to mechanical power and transpulmonary mechanical power. Multivariable models included age (years), SAPS II, and ARDS severity as adjustment covariates. Analyses were performed with Stata 15 (StataCorp. 2017) \[[@CR34]\].

Results {#Sec10}
=======

A total of 222 ARDS patients were included in the analysis; the median age was 61 \[48--73\] years and PaO~2~/FiO~2~ was 175 \[133--224\]. At enrollment, patients were ventilated with a clinical PEEP of 10 \[10--12\] cmH~2~O and with a tidal volume of predicted body weight of 7.8 \[6.8--8.8\] mL/kg.

One hundred and thirty-four patients survived (60%) and 88 (40%) patients died before intensive care discharge. Non-survivors, compared to survivors, were older, had higher SAPS II, and, at admission, received similar tidal volume/predicted body weight and level of PEEP, but had significantly lower PaO~2~/FiO~2~ and higher partial arterial pressure of carbon dioxide (Table [1](#Tab1){ref-type="table"}). Table 1Baseline characteristics of the study population in relation to ICU mortalitySurvivors, *N* = 134Non-survivors, *N* = 88*p*Age (years)60 \[43--70\]64 \[54--75\]***0.005***Female, *N* (%)38 (31%)31 (35%)*0.48*BMI (kg/m^2^)24.85 \[22.67--28.28\]24.25 (22.29--29.02)*0.97*ARDS category, *N* (%)***0.001*** • Mild32 (24)9 (10) • Moderate90 (67)50 (57) • Severe12 (9)29 (33)Cause of ARDS, *N* (%)***0.04*** • Pulmonary76 (57)37 (42) • Extrapulmonary58 (43)51 (58)PaO~2~/FiO~2~195 \[146--231\]153 \[115.33--189.28\]***0.001***PaCO~2~ (mmHg)40 \[35.92--4\]44.45 \[39.15--52.9\]***0.001***Respiratory rate (bpm)16 (13--20)17.5 (14--20)*0.07*Tidal volume (mL)510 \[450--600\]480 \[420--550\]***0.004***Tidal volume/body weight (mL/kg)7.93 \[7--9.1\]7.82 \[6.7--8.47\]*0.12*Clinical PEEP (cmH~2~O)10 \[10--12.5\]10 \[10--12\]*0.68*Driving pressure (cmH~2~O)12.58 ± 3.3114.03 ± 3.48***0.004***Respiratory system elastance (cmH~2~O/mL)23.91 \[18.44--29.15\]28.57 \[22.97--34.87\]***0.001***SAPS II36 \[29--47\]44 \[37.75--56\]***0.001***Intensive care unit stay (days)19.5 \[11.5--30.5\]15 \[8--24\]***0.009***Quantitative data are expressed as mean (standard deviation, SD) or median \[interquartile range\] as appropriate. Categorical data are presented as *N* (number of subjects) and percentages (%). Student's *t* test or Wilcoxon-Mann-Whitney test, as appropriate, were used for continuous variable analysis, while chi-squared test were used for categorical variable analysis*BMI* body mass index, *ARDS* acute respiratory distress syndrome, *SAPS* Simplified Acute Physiology ScoreItalicized data are for statistically significant results

At 5 cmH~2~O of PEEP, tidal volume and respiratory rate were significantly lower and higher in non-survivors and survivors (480 \[420--550\] mL vs 510 \[450--600\], *p* = 0.004 and 28.57 \[22.97--34.87\] vs 23.91 \[18.44--29.15\] breath per minute, *p* = 0.001), the mechanical power was not different between survivors and non-survivors (14.97 \[11.51--18.44\] vs 15.46 \[12.33--21.45\] J/min, *p* = 0.300) (Table [1](#Tab1){ref-type="table"} and Table [S2](#MOESM3){ref-type="media"}) and did not affect intensive care mortality, as shown from the univariate analysis (Table [2](#Tab2){ref-type="table"}). Similarly, at the same PEEP, the two other components of mechanical power (respiratory system elastance and airway resistance) were not different between groups (see Additional file [2](#MOESM2){ref-type="media"}: Table S2). On the contrary, mechanical power normalized compliance and well-inflated tissue significantly increased ICU mortality with RR of 2.69 \[0.75--9.57\], *p* = 0.127; 1.88 \[1.21--2.92\], *p* = 0.005; and 3.60 \[1.19--10.87\], *p* = 0.023, respectively (Table [2](#Tab2){ref-type="table"}). Mechanical power normalized to predicted body weight and to the lung gas volume did not increase ICU mortality (RR 2.69 \[0.75--9.57\], *p* = 0.127; and RR 1.01 \[0.99--1.02, *p* = 0.167\], respectively). Table 2Predictive performance of ventilatory variables for Intensive care unit mortalityVariablesRR95% CI*p*Tidal volume (mL)0.140.03--0.77***0.024***Airway plateau pressure (cmH~2~O)1.041.00--1.08***0.043***Respiratory system elastance (cmH~2~O/mL)1.031.01--1.04***0.001***Lung elastance (cmH~2~O/mL)1.011.00--1.03***0.025***Chest wall elastance (cmH~2~O/mL)1.000.93--0.96*0.926*MP (J/min)1.010.99--1.03*0.342*MP_PBW (J/min/Kg)2.690.75--9.57*0.127*MP_C~RS~ (J/min/mL/cmH~2~O)1.881.21--2.92***0.005***MP_well-inflated tissue (J/min/g)3.601.19--10.87***0.023***MP_lung gas volume (J/min/mL)1.010.99--1.02*0.167*Transpulmonary MP_PBW (J/min/kg)1.910.55--6.67*0.305*Transpulmonary MP_C~RS~ (J/min/mL/cmH~2~O)1.010.99--1.02*0.195*Transpulmonary MP_well-inflated tissue (J/min/g)3.911.12--13.61***0.032***Transpulmonary MP_lung total gas (J/min/mL)1.010.99--1.01*0.190*Driving pressure (cmH~2~O)1.041.00--1.08***0.045***Risk ratios (RR) and 95% confidence intervals (CI) of intensive care unit (ICU) mortality calculated with univariate Poisson regression with robust standard error*MP* mechanical power, *PBW* predicted body weight, *C*~*RS*~ respiratory system complianceItalicized data are for statistically significant results

In the univariate analysis, transpulmonary mechanical power did not influence intensive care mortality (see Additional file [3](#MOESM3){ref-type="media"}: Table S2) while transpulmonary mechanical power normalized to well-aerated tissue increased mortality with RR of 3.91 \[1.12--13.61\], *p* = 0.036 for one unit increase (Table [2](#Tab2){ref-type="table"}).

Risk factors for intensive care mortality {#Sec11}
-----------------------------------------

The mechanical power normalized to well-inflated tissue (RR 2.69 \[95% CI 1.10--6.56\]; *p* = 0.029) and the mechanical power normalized to respiratory system compliance (RR 1.79 \[95% CI 1.16--2.76\]; *p* = 0.008) remained independently associated with intensive care mortality after adjusting for age, SAPS II, and ARDS severity (Tables [3](#Tab3){ref-type="table"} and [4](#Tab4){ref-type="table"}; Fig. [2](#Fig2){ref-type="fig"}). Table 3Multivariable regression models investigating risk factors for ICU mortality in ARDS patients**ICU mortalityRR95% CI*p*ICU mortalityRR95% CI*p***Age (with each 1-year increase)1.011.00 - 1.020.038Age (with each 1-year increase)1.011.00 - 1.030.023SAPS II (with each 1-point increase)1.011.00 - 1.020.005SAPS II (with each 1-point increase)1.011.00 - 1.020.008100 \< PaO~2~ / FiO~2~ ≤ 2001.410.71 - 2.820.325100 \< PaO~2~ / FiO~2~ ≤ 2001.270.63 - 2.530.498PaO~2~ / FiO~2~ ≤ 1002.811.41 - 5.610.003PaO~2~ / FiO~2~ ≤ 1002.701.36 - 5.340.004MP_PBW (J/min/Kg)1.890.50 - 7.170.346MP_well inflated tissue (J/min/g)2.691.10 - 6.570.029**ICU mortalityRR95% CI*p*ICU mortalityRR95% CI*p***Age (with each 1-year increase)1.011.00 - 1.020.022Age (with each 1-year increase)1.011.00 - 1.030.018SAPS II (with each 1-point increase)1.011.00 - 1.020.011SAPS II (with each 1-point increase)1.011.00 - 1.020.010100 \< PaO~2~ / FiO~2~ ≤ 2001.380.69 - 2.750.359100 \< PaO~2~ / FiO~2~ ≤ 2001.260.63 - 2.530.506PaO~2~ / FiO~2~ ≤ 1002.711.36 - 5.420.005PaO~2~ / FiO~2~ ≤ 1002.681.35 - 5.320.005MP_CRS (J/min/mL/cmH2O)1.791.16 - 2.760.008MP_lung gas volume (J/min/mL)1.000.99 - 1.010.177Relative risk (RR) and 95% confidence intervals (CI) of intensive care unit (ICU) mortality calculated with multivariable Poisson regression models with robust standard errorEffects of age (years), SAPS II (reference: SAPS II simplified acute physiology score), ARDS severity (PaO~2~/FiO~2~; reference \> 200), mechanical power normalized to predicted body weight (MP_PBW), mechanical power normalized to well inflated tissue (MP_well inflated tissue), mechanical power normalized to respiratory system compliance (MP_CRS), mechanical power normalized to lung gas volume (MP_lung gas volume)Table 4Multivariable regression models investigating risk factors for ICU mortality in ARDS patients**ICU mortalityRR95% CI*p*ICU mortalityRR95% CI*p***Age (with each 1-year increase)1.011.00 - 1.020.041Age (with each 1-year increase)1.011.01- 1.020.024SAPS II (with each 1-point increase)1.011.00 - 1.020.004SAPS II (with each 1-point increase)1.011.01- 1.020.007100 \< PaO~2~ / FiO~2~ ≤ 2001.470.74 - 2.940.274100 \< PaO~2~ / FiO~2~ ≤ 2001.320.66- 2.640.438PaO~2~ / FiO~2~ ≤ 1002.951.48 - 5.890.002PaO~2~ / FiO~2~ ≤ 1002.801.40- 5.560.003Transpulmonary MP_PBW (J/min/Kg)1.680.48 - 5.930.419TranspulmonaryMP_well inflated tissue(J/min/g)3.011.15- 7.910.025**ICU mortalityRR95% CI*p*ICU mortalityRR95% CI*p***Age (with each 1-year increase)1.011.00 - 1.030.024Age (with each 1-year increase)1.011.00 - 1.030.019SAPS II (with each 1-point increase)1.011.00 - 1.020.008SAPS II (with each 1-point increase)1.011.00 - 1.020.009100 \< PaO~2~ / FiO~2~ ≤ 2001.440.72 - 2.880.300100 \< PaO~2~ / FiO~2~ ≤ 2001.310.65 - 2.630.444PaO~2~ / FiO~2~ ≤ 1002.851.42 - 5.700.003PaO~2~ / FiO~2~ ≤ 1002.781.39 - 5.540.004TranspulmonaryMP_C~RS~ (J/min/mL/cmH~2~O)1.741.11 - 2.700.015TranspulmonaryMP_lung gas volume (J/min/g)1.000.99 - 1.010.157Relative risk (RR) and 95% confidence intervals (CI) of intensive care unit (ICU) mortality calculated with multivariable Poisson regression models with robust standard errorEffects of age (years), SAPS II (reference: SAPS II simplified acute physiology score), ARDS severity (PaO~2~/FiO~2~; reference \> 200), transpulmonary mechanical power normalized to predicted body weight (Transpulmonary MP_PBW), transpulmonary mechanical power normalized to well inflated tissue (Transpulmonary MP_well inflated tissue), transpulmonary mechanical power normalized to respiratory system compliance (Transpulmonary MP_CRS), transpulmonary mechanical power normalized to lung gas volume (Transpulmonary MP_lung gas volume)Fig. 2Predictive performance of ventilatory variables for Intensive care unit mortality. Relative risk (RR) and 95% confidence intervals (CI) of intensive care unit (ICU) mortality calculated with multivariable Poisson regression models with robust standard error

Considering the transpulmonary mechanical power in patients with similar age, SAPS II, and ARDS severity, the transpulmonary mechanical power normalized to well-inflated tissue significantly increased intensive care mortality (RR 3.01 \[1.15--7.91\]; *p* = 0.025), as well as the transpulmonary mechanical power normalized to the compliance (RR 1.74 \[1.11--2.70\]; *p* = 0.015) (Tables [3](#Tab3){ref-type="table"} and [4](#Tab4){ref-type="table"}).

Discussion {#Sec12}
==========

The results of the present study showed that (1) mechanical power and transpulmonary mechanical power did not influence the intensive care mortality; (2) given the same PEEP, the two other components of mechanical power, respiratory system elastance and airway resistance, were not different in determining the outcome; (3) the mechanical power when normalized to the well-inflated tissue and compliance was independently associated to the intensive care mortality in patients with similar age, SAPS II, and ARDS severity; and (4) the transpulmonary mechanical power when normalized to well-aerated tissue seems to better predict the outcome compared to the mechanical power normalized to respiratory system compliance (Fig. [3](#Fig3){ref-type="fig"}). Fig. 3Key points

In ARDS, lung protective ventilation strategies should provide adequate gas exchange and minimize VILI \[[@CR4], [@CR35]\]. VILI has been mainly recognized to be associated to barotrauma (excessive pressure), volotrauma (excessive volume), and atelectrauma \[[@CR14], [@CR36]\]. Therefore, several strategies of mechanical ventilation focused on the decrease of each potential determinant of VILI, such as tidal volume, respiratory rate, and PEEP, have been proposed \[[@CR9]--[@CR12], [@CR37], [@CR38]\]. In this context, the reduction of mechanical power, that is the total energy released into the lung per unit time, derived from the interaction between the ventilator setting and lung conditions, could be considered an alternative approach to minimize VILI \[[@CR18]\].

Originally, the mechanical power was measured as the product of airway pressure and tidal volume during each inflation times the respiratory rate \[[@CR18]\]. In the present study, enrolling volume-controlled mechanically ventilated patients with a constant flow (square waveform), the mechanical power was mathematically computed according to the equation proposed by Gattinoni et al., which has been previously validated \[[@CR16]\]. It is worth to remind that to estimate the real mechanical power, it is requested that patients should be well relaxed without any active inspiratory efforts. Our population included only sedated and paralyzed patients in whom the mechanical power was estimated at 5 cmH~2~O of PEEP. This low level of PEEP compared to higher levels has been reported to better describe the severity of the lung injury, stratify the risk, and predict the outcome \[[@CR39], [@CR40]\].

The mechanical power directly acting on the extracellular lung matrix modulates the VILI ranging from an inflammatory activation to a mechanical rupture of the lung \[[@CR17]\]. Being the mechanical power originated by pressure, volume, and respiratory rate, the same mechanical power can be developed by a different combination of these factors.

Recent experimental data showed that when the mechanical power increased by a higher respiratory rate or level of PEEP, it was able to promote lung inflammation and edema and to reduce lung compliance \[[@CR17], [@CR41]\]. In a subsequent study of 1705 mechanically ventilated patients, the mechanical power was independently associated to a progression to ARDS \[[@CR42]\]. To date, only few data are available in ARDS patients and a limited group of studies has assessed the relationship between the mechanical power and the survival \[[@CR43]--[@CR45]\] Among these, Parhar et al., including patients admitted from four intensive care units, reported that the mechanical power significantly increased with the severity of the ARDS and a mechanical power higher than 22 J/min was associated with a worse hospital and 3-year survival \[[@CR43]\]. Similarly, Guerin et al., by applying an incomplete equation of the mechanical power, which did not take into account the resistive component, in a retrospective analysis of two previously published randomized controlled trials, found that mechanical power was associated to 90 days outcome \[[@CR44]\]. On the contrary, although the mechanical power was significantly reduced during ECMO treatment, it was not related to the survival \[[@CR45]\].

In fact, in ARDS patients, changes in airway pressure, due to the combination of lung and chest wall characteristics, could not adequately reflect the lung condition, which is better assessed by the transpulmonary pressure. The transpulmonary pressure is equal to the stress applied only to the lung. This implies that for a certain value of mechanical power (i.e., generated by an airway pressure), the resulting transpulmonary mechanical power can be higher or lower, according to the alterations in chest and lung mechanical characteristics \[[@CR18]\]. For example, a higher transpulmonary mechanical power in the presence of a sicker lung and a lower transpulmonary pressure when the chest wall is impaired.

In the present study, both the mechanical power resulting from the airway pressure and from the transpulmonary pressure were assessed to better investigate the role of the mechanical power on intensive care mortality. However, both of them were not related to the outcome as well as the investigated components of mechanical power (resistive and elastic with the same PEEP) were not different, suggesting that in ARDS patients, they did not affect the outcome. A possible explanation of these results could be that the mechanical power if not normalized to the lung size does not reflect the real amount of energy dissipated into the lung (i.e., amount of the generated VILI). The smaller is the lung, the lower should be the mechanical power to minimize the VILI \[[@CR46]\]. ARDS patients are characterized by a high and unpredictable variability of the lung size (i.e., baby lung) \[[@CR37], [@CR47]\]. Respiratory compliance was found well correlated with the amount of normally aerated tissue, reflecting the dimension of baby lung \[[@CR21]\]**.** Thus, it has been proposed to normalize the mechanical power according to the predicted body weight, the compliance, or the amount of well-inflated tissue \[[@CR14], [@CR16], [@CR48]\]. Zhang et al. found that the normalized mechanical power on the predicted body weight showed a better accuracy compared to the not normalized mechanical power in predicting the mortality \[[@CR24]\]. Unfortunately, although the normalization to the predicted body weight is an easy method, in ARDS patients, the lung size is not proportional to the body weight \[[@CR47]\]. Actually, we found that in patients with similar age, SAPS II, and ARDS severity, both the mechanical power normalized to compliance and to well-inflated tissue independently increased the intensive care mortality of 1.78 and 2.64 times for one unit increase, respectively. Differently, the mechanical power normalized to the lung gas volume did not influence the outcome, probably because the lung gas volume does not reflect the amount of tissue in which the energy is dissipated in the lung without increasing the VILI. Our hypothesis is that the respiratory system compliance and the amount of well-inflated tissue should better reflect the amount of lung-aerated tissue exposed to the energy load during the mechanical ventilation. Furthermore, the transpulmonary mechanical power normalized to well-inflated tissue better predicted the mortality, suggesting that in addition to the amount of resistive capacity of the lung, assessed as compliance or amount of well-aerated tissue, the partitioned lung mechanics characteristics computed by esophageal pressure have a determinant role on the effect of mechanical power.

In the present study, in addition to the normalized mechanical power, also the driving pressure which is the tidal volume normalized to the compliance of respiratory system, it was associated to the intensive care mortality, both in the univariate analysis and in the multivariate analysis, (see Additional file [4](#MOESM4){ref-type="media"}: Table S3), confirming previous studies in ARDS patients in which the driving pressure has been independently related to the hospital outcome \[[@CR9]\].

Limitations {#Sec13}
-----------

The present study has several limitations. First, the mechanical power was computed just one time and not during the intensive care stay; thus, it did not reflect the temporal changes of mechanical power really applied to the patients. Second, only mechanically ventilated patients during volume control ventilation with a constant flow were enrolled due to the inaccuracy of computing mechanical power in assisted ventilation or pressure control ventilation. Third, the mechanical power was normalized only considering indexes reflecting static conditions (compliance, lung size, and amount of well-inflated tissue). However, other lung conditions such as the degree of lung inhomogeneity and different pulmonary vascular pressure could modulate the risk of VILI independently of a higher or lower mechanical power \[[@CR23], [@CR49]\].

Conclusions {#Sec14}
===========

In conclusion, the present results suggest that in our ARDS population, there is not a causal relationship between the mechanical power itself and mortality, while mechanical power normalized to the compliance or to the amount of well-aerated tissue is independently associated to the intensive care mortality. Further studies are needed to confirm this data.

Supplementary information
=========================
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**Additional file 1.** Formulas of the physiological variables. Formulas used in the paper are reported in the supplemental material. **Additional file 2: Table S1.** Predictive performance of ventilatory variables for Intensive Care Unit mortality. Risk ratios (RR) and 95% confidence intervals (CI) of Intensive Care mortality calculated with univariate Poisson regression with robust standard error. MP mechanical power. **Additional file 3: Table S2.** Values of mechanical power and transpulmonary mechanical power with stratification by Intensive care unit mortality. Results are expressed as mean (standard deviation) or median \[I.Q. range\] as appropriate. Student's t or Mann-Whitney rank-sum tests were used for comparisons. *p* \< 0.05. MP mechanical power; MP\_ PBW Mechanical power normalized to predicted body weight; MP_C~RS~ Mechanical power normalized to respiratory system compliance. **Additional file 4: Table S3.** Multivariable regression models investigating risk factors for ICU mortality in ARDS patients. Relative risk (RR) and 95% confidence intervals (CI) of intensive care unit (ICU) mortality calculated with multivariable Poisson regression models with robust standard error. Effects of age (years), SAPS II (reference: SAPS II simplified acute physiology score), ARDS severity (PaO~2~ / FiO~2~; reference \> 200), mechanical power (MP), Driving Pressure.

ARDS

:   Acute respiratory distress syndrome

CT

:   Computed tomography

PEEP

:   Positive end-expiratory pressure

VILI

:   Ventilator-induced lung injury

SAPS

:   II Simplified Acute Physiology Score

MP

:   Mechanical power

RR

:   Risk ratio

SD

:   Standard deviation

CI

:   Confidence interval

PBW

:   Predicted body weight
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